Abstract: VFT (variable frequency transformer) has been recently used as an alternative to HVDC (high voltage direct current) to control power flow between asynchronous networks. VFT consumes less reactive power than a back-to-back HVDC system, provides faster initial transient recovery, and has better natural damping capability. VFT is simply a DFIM (doubly-fed induction machine) where the machine torque controls the power flow from stator to rotor and vice versa. The main disadvantage of this VFT is the slip rings and brushes required for the rotor circuit, especially in bulk power transmission. The BDFM (brushless doubly-fed machine) with nested cage rotor machine is proved to be a comparable alternative to conventional DFIM in many applications with the advantage that all windings being in the stator frame with fixed output terminals. In this paper, the BDFM is used as a BVFT (brushless variable frequency transformer). A prototype machine is designed and simulated to verify the system validity.
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Introduction
Interconnections between power networks can be classified into synchronous and asynchronous ties [1] .
Synchronous ties are the most common type in practical power systems. However, synchronization between involved networks is necessary to ensure effective power transfer between them, which is a challenging task especially with weak networks. On the other hand, asynchronous ties can be used to directly connect two power networks experiencing a slight difference between their frequencies. HVDC (high voltage direct current) transmission is widely employed as being advantageous for long-distance (more than 800 km), bulk power delivery, and asynchronous interconnections [1] .
Recently, VFTs (variable frequency transformers) are recognized as a promising candidate for bi-directional asynchronous power transfer offering many advantageous over HVDC transmission [2] . The VFT technology was introduced in the early 2000s [3] . The world's first VFT for bulk system power transfer between large asynchronous power networks has been successfully installed and tested at Hydro-Quebec's Langlois substation in Canada [3] . VFT provides isolation between networks, improves grid stability, meets power transfer needs during normal conditions and supports during fault conditions [4] . A comparison between a back-to-back HVDC system with series compensation, and a variable frequency transformer, when used to control the power flow between weak AC networks, is given in Ref. [4] . The steady state and dynamic simulations show that both technologies are able to control power flow accurately. The merits of variable frequency transformer can be summarized in the following points:
 less reactive power;  less harmonics;  faster initial transient recovery;  better natural damping capability.
VFT is a simply doubly-fed rotating machine which is connected to the involved asynchronous networks (one on the stator side and the other on rotor side) to achieve its function as asynchronous tie between the two networks. The rotor speed is controlled to operate at the slip frequency between the two networks [5] . When two networks with the same frequency are connected, the torque on the shaft is controlled at zero speed [4] . The angle of the rotor is positioned to achieve a scheduled power flow by means of DC drives [5] . The basic concepts and electromagnetic design of VFT are presented in Ref. [6] while its mathematical model is given in Refs. [7, 8] and simulated under different operational conditions. Being an effective mean to control power flow in weak interconnections, the VFT is also used to reduce the power fluctuations of a large-scale grid-connected offshore wind farm [9] .
The BDFM (brushless doubly-fed machine) with nested cage rotor machine topology provides advantages that may warrant its application despite an apparent power density penalty [10] [11] [12] . It was proposed as an attractive alternative to conventional DFIM (doubly-fed induction machine) in many applications, especially in variable speed drive for large induction machines [10] , wind applications [11] , and contactless power delivery systems [12] . The main advantage of BVFT (brushless variable frequency transformer) is that all machine windings in the stator with fixed output terminals.
In this paper, a BDFM with nested cage rotor is used to functionally replace the conventional VFT to interconnect two asynchronous networks. BVFT is presented to overcome the brushes problem. The theory of operation of the proposed system is firstly described. A prototype machine is then designed [13, 14] and its inductances are calculated using modified winding function [15] . Based on suitable transformations, the dq-model [16] [17] [18] [19] for this machine is then presented and used to simulate the machine in different operational modes.
Proposed Brushless Variable Frequency Transformer
The proposed BVFT is simply a BDFM with a nested cage rotor. The stator comprises two three-phase windings with p 1 and p 2 pole pairs. The rotor is a nested cage rotor, with number of nests equals to the sum of the stator pole pairs (p 1 + p 2 ) [16] . The nested cage rotor has the same construction as conventional squirrel cage rotor, however, the main difference between them is that, in conventional squirrel cage rotor all bars are connected from both sides with two end rings. However, in nested cage rotor the bars are divided into (p 1 + p 2 ) groups. The selection of the suitable number of poles is a design factor and depends on many factors as magnetic saturation and radial forces. In the proposed design, the selected number of poles is 6/2 stator winding pole number combination. The selection gives an approximate quasi square flux pattern and shows great promise in many applications such as wind-power generators and pump drives [20] . The general layout of the proposed system is shown in Fig. 1 and the machine construction is shown in Fig. 2 . The capacitor banks shown in Fig. 1 are designed to supply the reactive power required for machine magnetization. The operation of the proposed BVFT is similar to the conventional VFT using DFIM [6] , where the BVFT is used to connect two networks experiencing a slight difference between their frequencies. The two networks are connected to the two stator windings. The power can be transferred from one side to the other side by controlling the torque applied to the machine. Generally, DC motor is mechanically coupled on the BDFM shaft for controlling the shaft torque and hence the amount of transferred power between the two involved asynchronous networks [5] . For example, if the torque is positive, the power is transferred from first stator winding to the second stator winding and vice versa.
The rotor of the VFT spins at a speed that is proportional to the difference between the two networks frequencies f 1 and f 2 [16] . 
When two networks with the same nominal frequency are interconnected, the torque on the shaft of the VFT must be controlled at stall or near stall conditions. The stator frame of an existing 3 hp squirrel cage induction machine is used to build a prototype BVFT. The stator is rewound to accommodate two stator windings with 6/2 pole combination. The number of turns per phase for both windings and their cross sectional areas are selected to ensure same acceptable air gap flux and power. A nested cage rotor is designed to fit into the machine stator. Since the prototype machine is still under construction, this paper introduces the machine design, modeling, and simulation to prove the idea. Experimental verification will be considered in future.
Machine Design
The prototype machine will be constructed using an existing 380 V, 3 hp squirrel cage rotor induction machine. The design is restricted with the stator dimensions given in Table 1 . The stator is rewound to house two stator windings with dissimilar pole numbers (p 1 , p 2 ). The suggested number of poles are (6, 2), respectively. However, a nested cage will be built with same diameter as old rotor.
Stator Design
For simplicity, the stator is wound with two single layers windings. The lower layer comprises the 6-pole winding while the upper layer houses the 2-pole winding. Since an existing stator is used, the only design criterion is the number of turns for each winding. The stator coils are fully pitched because each winding is wound with only one layer. For total number of slots 36, the number of slots per phase per pole for the 6-pole and the 2-pole windings are 2 and 6, respectively. Since it is required to replace the single three-phase winding of the existing induction machine by two separate three-phase windings, hence, the rated voltage for both stator windings is selected to be half that of the existing machine of 110 V. The current rating for both winding will be selected the same as that of the induction machine. Conventional design steps as in Refs. [13, 14] are followed to select the required number of turns for both windings. The design should fulfil the following requirements: 
(1) The magnitude of the MMF (magneto motive foce) produced by the 6-pole winding is 1/2 that of the 2-pole winding to ensure that the peak value of the total MMF equals that of the 2-pole winding when fed separately with rated current, as shown in Fig. 3 ;
(2) The back iron flux with both windings carrying full-load current will not cause core saturation.
The suitable numbers of turns per phase for the 6-pole and the 2-pole windings are found to be 300 turn and 198 turn, respectively.
Rotor Design
In nested cage rotor, the number of rotor nests is chosen equal to the sum of the pair-poles of the two stator windings (p 1 + p 2 ). Hence, for the selected number of pole-pairs, the required number of nests will be four. The number of loops per nest, n, is chosen to minimize rotor MMF harmonic content. As the number of loops per nest increases, the harmonic content decreases, but with corresponding reduction in the inter-loop space through which the flux passes. Typically, 3-6 loops per nest are used [20] . The selected number of bars is 40, where each nest has five loops as shown in Fig. 4 . Same bar dimensions as the existing rotor will be assumed for the designed rotor and is used to calculate the resistance of different nested loops.
Machine Modelling
The machine is modeled using conventional dq model [16] [17] [18] [19] [20] . The machine modeling commences with inductance calculation using modified winding function [15] and based on machine dimensions then the corresponding dq-model is presented.
Inductance Calculation
The first step for machine modeling is to calculate the machine inductance matrix. The modified winding function method [15] is used to calculate the machine inductance matrix. The general expression for mutual inductance between any two circuits i and j in any electrical machine is given in Eq. (2). For the prototype machine type, there are six turn functions for the stator windings and 20 turn functions for the rotor nested loops. Firstly, all turn functions are calculated as a function of the peripheral angle. Then, substituting in Eq. (2), the inductance matrix elements as a function of rotor position are calculated [15] . In this case, the inductance matrix dimension will be 26 × 26. To simplify the machine model, to reduce the number of equation, and to eliminate the inductance dependency on rotor position, dq-model is obtained from the phase model through suitable transformations [16, 18] . The final dimension of the resulting inductance matrix will be 14 × 14 but with constant coefficients. The complete calculation of the final inductance matrix is shown in Refs. [17, 19] and is given in the appendix.
dq-Model
In dq-model, each stator winding is represented by two dq-coils. Each group of loops, having same colour in Fig. 4 , of the nested cage rotor is represented by two dq-coils for more exact representation [17, 20] . Hence, the rotor will be represented by n coils in the d-axis and n coils in the q-axis. For the prototype machine, the total number of coils will be 14, as shown in Fig. 5 . Hence, the dq-model for the BDFM, in rotor reference frame, is given in Eq. (3) [17] .
where k = 1, 2, ..., n.
The flux linkage vector is given in Eq. (4). 
The inductance matrix is calculated as mentioned in the previous section and the machine parameters are given in the appendix.
Finally, the machine torque is given in Eq. (5).
Simulation Results
The system is simulated with the same controller of the conventional VFT presented in Refs. [7, 8] . This controller ensures the following requirements: The rotor speed is regulated at a synchronous speed that depends on the difference between the two networks frequencies and is given in Eq. (1).
Shaft torque is controlled by means of the DC machine to achieve a scheduled power flow between the two networks.
The proposed system is simulated with a 110 V, 50 Hz network, denoted as network (A), is connected to the 6-pole winding, while the 2-pole is connected to another 110 V network, denoted as network (B), that experiences frequency variation. The frequency of the second network is assumed 49 Hz. Hence, the corresponding synchronous speeds for the two frequencies will be 15 rpm. Firstly, the two networks are synchronized as shown in Ref. [8] . The DC machine is controlled with reference torque shown in Fig. 6a . The two stator winding powers are shown in Fig. 6b . The machine speed is shown in Fig. 6c , where the speed remains synchronized at 15 rpm irrespective to load change. It is clear that the power transfer between the two networks follows the torque reference. With a positive torque applied to the shaft, power is transferred form network A to network B and vice versa. The relatively large difference between the two stator winding powers is due to the relatively high machine losses corresponding to such low power rating. However, for systems with high power rating, this difference should be negligible. The rms currents for both stator windings are shown in Figs. 6d and 6e, while for nested loops are shown in Fig. 6f . It is evident that the outer loops of the nests carry much higher current than the inner loops. This problem has been investigated in Ref. [18] which cause unequal current distribution between different rotor bars yielding unequal rotor heat distribution. Equal current distribution can be tackled by using rotor bars with different cross sectional area, larger cross sections for outer loops and lower cross sections for inner loops. An important reason that justifies why multiple rotor-loop model is used in this paper rather than the much simple single loop representation [17] is the non-negligible phase shift angles between currents in different loops in the same nest, as shown in Fig. 6g . This angle changes as the machine is loaded [18] . This gives a significant error if the whole nest is represented by a single coil.
Comparing the simulation results with those are given in Refs. [7, 8] , the proposed BVFT is shown to be an attractive alternative to conventional VFT while retaining the advantage of the absence of brushes and the presence of all windings in the stator. The BVFT characteristic curves in per unit (pu), representing the machine winding powers, current, and efficiency, are shown in Fig. 7 . The base values are defined as the values correspond to rated winding current. The efficiency is defined as the ratio between the transmitted power and received power between the two networks. It is notable that the output rated transmitted power at rated current is approximately 60% that of the existing 3 hp squirrel cage machine. This is due to the non-optimal design of the machine since an existing machine is used to build the prototype one. However, machine optimal design is expected to increase the machine power density. Moreover, this machine type is generally disadvantageous due to its relatively lower power density when compared with squirrel cage machine. However, when it is compared with DFIM with same power, the power density penalty will be less. This may warrant its application with the fixed output terminal advantage obtained.
Conclusions
In this paper, a brushless variable frequency transformer is proposed, based on conventional brushless doubly-fed machine, to control power flow in weak interconnections. Its two stator windings are used to connect two networks experiencing a slight difference between their frequencies. By controlling the shaft torque using a DC machine, the power flow between the two networks can be controlled much similar to conventional VFT. A prototype model which is still under construction is designed and simulated to verify the validity of the proposed system. The winding function method is used to calculate the machine inductance matrix which is then used to develop the machine dq-model. Despite an apparent power density penalty, simulation results show that the proposed BVFT may be an attractive alternative to conventional VFT while retaining the advantage of the absence of brushes and the presence of all windings in the stator with fixed output terminals, which is much suitable for bulk power transmission.
